Abstract. The effects of the 2003 European heatwave on the sea surface layer of the Central Mediterranean were studied using a regional 3-D ocean model. The model was used to simulate the period 2000 to 2004 and its performance was validated using remotely-sensed and in situ data. Analysis of the results focused on changes in the Sea Surface Temperature (SST) and on changes to the surface and sub-surface current field. This permitted us to identify and quantify the anomalies of atmospheric and sea surface parameters that accompanied the heatwave. The dominant annual cycle in each variable was first removed and a wavelet analysis then used to locate anomalies in the time-frequency domain.
Introduction
In temperate regions, such as the Mediterranean Sea, the variability of sea surface parameters is usually dominated by the seasonal cycle. However, in periods of increased atmospheric large-scale variability (Schär et al., 2004) , the effects of the interannual variability may also be significant.
In 2003, the anomalous persistence of high atmospheric pressure during the summer period, with almost no wind and very high surface air temperature (Black et al., 2004) over the western continental Europe and the western Mediterranean basin, resulted in a significant heatwave event (e.g., Black et al., 2004; Schär et al., 2004) . Sutton et al. (2004) relate this heatwave, and other extreme atmospheric events over Western Europe and eastern North America, to a multi-decadal climatic oscillation of Atlantic sea surface temperatures, known as the Atlantic Multidecadal Oscillation (AMO). Marullo et al. (2003) show, using remotely-sensed data, the strong overheating that affected the Western Mediterranean during the heatwave event, and Sparnocchia et al. (2006) of sea surface in the Ligurian Sea was confined to the upper few metres of the sea and was associated with a period of weak winds.
Such changes in Sea Surface Temperature (SST) and related changes in current speed and direction may affect other important physical and biological processes. In the Central Mediterranean the latter include the growth, concentration and retention of early life stages of fish populations (e.g. Brett, 1970; Bakun, 1996; Agostini and Bakun, 2002) , the stock recruitment for important commercial species (Levi et al., 2003) and the reproductive strategies of small-pelagic species (García-Lafuente et al., 2005) . In shelf seas (Ruardij et al., 1997) increases in stratification reduce vertical mixing and so limit nutrient supply and phytoplankton growth. Such effects are also believed to be very important in straits and channels where the current field is stronger and more complex and there is often higher biological production than in surrounding seas.
In this respect, the Central Mediterranean area studied here is important because of the channel flows and its role in linking the eastern and western Mediterranean sub-basins. The area is morphologically divided in two sub-areas, the Sardinia Channel to the west and the Sicily Channel to the east (Fig. 1) . The flows through the two channels are organised in three main layers. The upper ocean flow is dominated by Modified Atlantic Water (MAW) driven primarily by the pressure gradient between the western and the eastern basin. The flow is also strongly affected by wind forcing and bathymetry. Below this an intermediate layer, between about 200 and 500 m in the Sicily Channel, is dominated by the Levantine Intermediate Water (LIW) that flows from the eastern to western Mediterranean basin. The bottom layer contains the transitional Eastern Mediterranean Deep Water (tEMDW) which also flows westward underneath the LIW.
In the upper layer, the MAW flows east from the Strait of Gibraltar along the north African coast where it forms unstable meanders that often create cyclonic and anticyclonic eddies with spatial scales of ∼200 km (Puillat et al., 2002) . From the Sardinia Channel, two branches of MAW cross the Sicily Strait eastward. The first flows along the southern Sicily coast as an energetic meandering flow called the Atlantic Ionian Stream (AIS, e.g. Robinson et al., 1999; Warn-Varnas et al., 1999; Lermusiaux and Robinson, 2001) . Strongest in summer, the AIS follows a complicated meandering path around three surface thermal features: the Adventure Bank Vortex, the Maltese Channel Crest and the Ionian Shelf Break Vortex. The current brings nutrients into the surface layers and is ultimately responsible for the important little-pelagic-fish populations caught in this area (García-Lafuente et al., 2005) . The interface between the fresh MAW of the AIS and the warmer Ionian Sea also produces the thermal filament known as the Maltese Front.
A second branch of MAW flows along the Tunisian coast as the Atlantic Tunisian Current (ATC) (Beranger et al., 2004) . This is characterised by a high seasonal variability and a maximum volume transport in autumn (Manzella et al., 1988) . In the summer the AIS, at its maximum intensity, bifurcates southward at the trench past the Island of Pantelleria producing a weaker flow that also joins the ATC (Lermusiaux and Robinson, 2001) .
In the present paper we report on the effects of the anomalous 2003 weather conditions on the surface and sub-surface temperatures and dynamics of the Central Mediterranean Sea simulated using a nested eddy resolving hydrodynamic 3-D model of the region. The model results are supported by remotely-sensed data and in situ observations made during the same period. Section 2 describes the model, the data used for validation and the methods used for analysis. Section 3 is concerned with the results from the study and covers atmospheric forcing, the surface heat fluxes and model SSTs and changes in the model current field during the summer of 2003. Finally in Sect. 4 we summarize and discuss our findings.
Ocean Sci., 3, 273-289, 2007 www. In the vertical it uses 24 sigma levels (−1≤σ ≤0). The sigma levels are bottom following but follow a logarithmic distribution near the surface. This permits more detail for the surface layer, while the other layers between bottom and surface are equally spaced. The high resolution SCRM should be capable of resolving the mesoscale features, such as fronts and eddies, which have a horizontal scale characterised by the internal Rossby deformation radius, ∼19 km (Manzella et al., 1988) . The model grid is also sufficiently fine to resolve the important small scale bathymetric features in the region. The model covers the area from 9 • E to 17 • E in longitude and from 31 • N to 39.5 • N in latitude. Time integration is done using a split explicit scheme in which the barotropic and baroclinic modes are integrated separately. The barotropic mode is integrated with a time step of 4 s and the baroclinic modes with a time step of 120 s.
The basic numerical formulation is based on the Princeton Ocean Model (POM), a three-dimensional primitive equation model (Blumberg and Mellor, 1987) . POM timesteps equations for the conservation temperature, salinity and horizontal momentum under the assumption that the ocean is incompressible, that it is in hydrostatic balance and that the Boussinesq approximation holds (Blumberg and Mellor, 1987) . The equation of state used is an adaptation of the UNESCO equation of state revised by Mellor (1991) . The vertical mixing coefficients K M for momentum and K H for heat and salt are calculated using the Mellor and Yamada (1982) turbulence closure scheme, while the eddy viscosity coefficient A M is calculated using the Smagorinsky (1993) 
The model bathymetry is based on the U.S. Navy 1/60 • Digital Bathymetric Data Base (DBDB1) by bilinear interpolation onto the SCRM grid. Additional light smoothing was applied to reduce the sigma coordinate pressure gradient error (Mellor et al., 1994) . The resulting model bathymetry, as well as the model domain, is shown in Fig. 1 . The maximum depth is ∼3500 m, while the minimum was set to be 5 m.
The model was initialised using data from the climatological run of Sorgente et al. (2003) and the model then integrated for the period 1 January 2000 to 31 December 2004.
During this period the model was forced using 6-hourly atmospheric analysis fields from the ECMWF. Although ECMWF re-analysis data would be more desirable this was not available for the period of interest. In order to avoid the presence of jumps due to changes in the analysis scheme, we checked the ECMWF documentation for major changes in their analysis system. On the basis of this check and the results we obtain (see Sect. 3), we believe that there were no significant changes which affect the results presented here. A detailed description of parameterization of the surface boundary conditions can be found in Sorgente et al. (2003) .
At its lateral open boundaries the model used oceanographic data from the OGCM-MFSPP large scale model of the Mediterranean (Pinardi and Masetti, 2000; Demirov and Pinardi, 2002) . The large scale model uses a horizontal resolution of 1/8 • degrees and has 31 levels in the vertical. Data is interpolated from nearby grid points of the the large scale model to the open boundary points of the Sicily Channel Regional Model. In addition, to reduce the effect of interpolation errors, the total flux through each open boundary of the regional model is constrained to equal that through the same section of the large scale model. A detailed description of the nesting procedure is given in Pinardi et al. (2003) and Sorgente et al. (2003) .
Satellite and hydrological data
The AVHRR SST data used in this analysis was derived from the 5-channel Advanced Very High Resolution Radiometers (AVHRR) on board of the NOAA −7, −9, −11, −14, −16 and −17 polar orbiting satellites. Monthly averaged data, derived from the ascending daytime pass on equal-angle grids of 8192 pixels/360 degrees, was obtained from the Physical Oceanography Distributed Active Archive Center (PO.DAAC) at the NASA Jet Propulsion Laboratory (http://podaac.jpl.nasa.gov). The data is normally referred to as the 4 km resolution data.
The CTD data was collected between the 11th and 21st July 2003 in the Sicily Channel area during oceanographic cruise ANSIC03 of the N/V Urania. Hydrological data (conductivity, temperature and depth) was acquired using a SBE911 plus CTD probe (Sea-Bird Inc.) with a 24 Niskin bottle rosette for water-column sampling. The data collected was quality-checked and processed following the MODB instructions (Brankart, 1994) using Seasoft software. The data was collected during four transects, T1, T2, T3 and T4 (Fig. 2 ) that cover the AIS area. The Section T1 runs from the south of Pantelleria Island to the western corner of Sicily, crossing the Adventure Bank, and contained 6 CTD stations. The Section T2 extends from just off Lampedusa Island to the Sicily Coast, with 11 CTD stations. T4 is located over the Ionic slope and has a NE direction toward the Ionian shelf break, with 4 CTD stations. These three transects lie at right angles to the southern coast of Sicily. The final transect T3, with 15 CTD stations, is parallel to the coast. At all the stations the shallowest data collected was from a depth of 5 m. To make a direct comparison between the SCRM and observations, model profiles were extracted which matched the CTD sampling points in time (day) and space (±3.5 km).
Wavelet analysis
Two-dimensional fields of variables from either the ECMWF atmospheric input or the SCRM output were averaged in a two-step process. First they were averaged over the whole SCRM domain and then they were averaged in time to produce a time series of daily spatial averages. Monthly averages were also calculated for the whole 5-year period. We then removed seasonal effects by subtracting the 5-year average monthly values from the daily time series and normalizing the results by the monthly standard deviation:
where x is the daily data value, x m is the climatological (2000) (2001) (2002) (2003) (2004) monthly mean for a corresponding month and σ m is the related monthly standard deviation. A similar scheme was applied to the satellite monthly time series of SST. The resulting time series were then analysed further using Fourier Transforms (FT) and the Continuous Wavelet Transforms (CWT). The CWT is useful for analysing time series data with a strong non-stationary component. This is because it allows localization of energetic events in both time, using translations of the mother wavelet defined below, and in frequency, using wavelets of different dilation. In contrast the FT is only able to recognise the location and magnitude of a signal in the frequency domain. However the FT remains very appropriate for the analysis of stationary data, which does not require time localization information or to get an overview of the main components of a signal, as in our analysis.
Before performing the CWT and the FT we removed trends from the data to reduce spurious low frequency signals. By definition, a mother wavelet is a function with a zero mean and must be defined in both time and frequency dimensions. To calculate the CWT we have chosen the Morlet wavelet as the mother wavelet, which is very useful for oceanographic data both in its real or complex forms (Torrence and Compo, 1998; Massel, 2001; Cromwell, 2001) .
As in Torrence and Compo (1998) we define the Continuous Wavelet Transform as the convolution of our discrete time series, constituted by the x n elements, with dilations and translations of the mother wavelet function.
The wavelet plots, which show wavelet as a function of time and period, also show the 95% significance level contours as thick black lines. These significant levels were estimated by comparing the wavelet spectrum with a red-noise signal (commonly used for geophysical time series), computed on the basis of the lag-1 autocorrelation of the same time series. The wavelet plots also show the Cone Of Influence (COI), a triangular region in which the wavelet results are not affected by the beginning or end of the time series.
Results
In this section the results of the wavelet analyses of the atmospheric variables and surface heat fluxes (Sect. 3.1) are presented first, to give an overview of surface atmospheric forcing producing the anomalous warming of sea surface. Then the spectral analyses of the simulated and remotelysensed SST (Sect. 3.2) are discussed. The most noticeable monthly values for each parameter and, when necessary, the seasonal and/or interannual trends are presented. The parallel observation of the time-frequency (wavelet and FT plots) data and of the raw time series (daily and monthly averaged) gives a complete picture of the variability of the analysed variables. The comparison between simulated and remotelysensed SST anomalies maps shows the ability of the model to reproduce the spatial variability of the observed event. Section 3.2 contains observations of water stratification and surface and sub-surface currents modifications during the summer of 2003. A comparison with in situ CTD data is performed to confirm the agreement of SCRM results with the measurements during the heat wave event, and more in general the ability of the model to reproduce the sub-surface hydrographic features. In the wavelet plot, the 95% significance level contours (thick black line) and the area known as Cone Of Influence (COI, the thin black line that forms a triangular area) that delimits the zone of the plot in without edge effects (inside the triangle), are also drawn.
parts of Europe. This high temperature was mainly caused by the prevalence of anticyclonic conditions (Black et al., 2004) . Furthermore, the JJA monthly means of air temperature over central Europe reached values up to ∼5 • C warmer than in the last 150 years climatology. Over a larger European area, values have been recorded as ∼3 • C warmer compared to the period 1961 (Schär et al., 2004 . From our analyses, in respect to the 2000-2004 climatology, in the 2003 JJA months, the daily anomalies time series of air temperature (at 2 m) over the SCRM domain reached the highest values of the entire period (up to 3-4 • C). In Fig. 3 the normalized anomalies time series, the wavelet spectrum and the periodogram (Fourier spectrum) relative to this parameter are shown, respectively. The presence of two distinct anomalies at two distinct frequencies (Fourier period of ∼450 and ∼220 days) are observed, temporally superimposed and centred in the year 2003. We observe that both the signals reach their maximum magnitude in a time period situated between January/February (JF) 2003, when the coldest anomaly of the whole period is recorded, and the warm anomaly of the summer 2003. We may also notice a reduction of the high frequency signal, mainly due to the persistence of anticyclonic conditions, whose effect is in fact re- The wind stress time series, computed from the ECMWF atmospheric fields and used as forcing at the surface is shown in Fig. 4 . The highest monthly values of wind stress are reached in February and December 2003 (respectively 0.16×10 −2 and 0.15×10 −2 Nm −2 ), while the lowest are reached in the summer months of the same year. This last value is consistent with the computed high values of air and sea surface temperature (see below) for this period.
The spectral analyses performed on the anomalies series for the wind stress intensity (Fig. 5) show that a great part of non-seasonal variability is concentrated at the highest frequencies, with the great exception of the very low frequency signal temporally coincident with the air temperature anomalies of 2003, although it was partially outside of the COI.
The daily and monthly averaged time series of solar radiation, upward heat flux (i.e. the sum of the latent heat flux Q e , longwave radiation Q b and sensible hear flux Q h ), and net heat flux are shown in Fig. 6 .
The solar radiation time series (Fig. 6a) shows a strong seasonal variability. In performing the wavelet analysis, no significant anomaly was found with the exception of a weak signal at the beginning of 2003 (not shown). The upward heat flux (Fig. 6b ) appeared to have a more complicated structure compared to the solar radiation, due to its dependence on wind intensity and air temperature. climatology was also noticeable from the months of April to November 2003, with the absolute minima in JJA. A strong interannual variability on a monthly basis, as well as a moderate variability on annual basis is therefore intuitive, but no conclusion can be drawn on the frequencies and periods of these deviations when considering only the averaged values. The analysis of the spectra of the anomalies time series (wavelet and Fourier spectra) provides this information. In Fig. 7 the daily anomalies time series (normalized by standard deviation) of upward fluxes and the spectral analyses of data are shown.
The two spectra of Figs. 7b and c indicate the presence of a significant low frequency signal in the anomalies time series with a Fourier period of ∼450-500 days. This signal coincided with a strong increase of upward fluxes in the winter and spring 2003, and their decrease in summer 2003. This low frequency signal had a very good agreement with other sea surface and atmospheric anomalies we registered in the same time-frequency location (see below), although it is located just out of the COI. The residual variability of the anomalies time series is related mainly to the high frequency atmospheric variability.
In Fig. 8 the monthly time series of the three components of upward flux was compared. The main component is the latent heat flux (Q e ), followed by the longwave radiation (Q b ), while the sensible heat (Q h ) is the smallest in terms of total budget.
The latent heat flux reached its maximum seasonal values in the autumn and winter months (remember that for the Q e , Q b and Q h terms, positive values indicated a flux from the sea surface to the atmosphere). The absolute maximum The net heat flux values (Fig. 6c) , 5-year averaged, are positive (i.e. the sea gain heat) in the months from April to August, with a maximum value of +166 W m −2 in June. Values are negative in the other months with a minimum of −251 W m −2 in December. The behaviour of the net heat flux as well as its non seasonal variability, is driven by the upward heat flux, considering the very low interannual variability of the solar radiation term. The wavelet spectrum for the net heat flux anomalies (not shown) is almost equal to the upward flux. In JJA 2003 we calculated the highest positive anomaly of net heat fluxes (1.54 for June-July and 1.58 for August, dimensionless), which indicate a very strong heat gain.
Sea Surface Temperature and dynamical response
The SST monthly time series (Fig. 9a ) simulated by the model shows a strong annual cycle and a somewhat weaker interannual signal, mainly related to the strong heat gain during the summer 2003.
In order to compare the simulated SST (temperatures are interpolated from sigma levels to the depth of 0.5 m) to real observed values, the means computed from satellite SST monthly data have been compared with the SST time series daily correction is ∼-12 W m −2 with a standard deviation of ∼14 W m −2 . The relaxation acts mainly in the summer periods increasing the heat lost by the sea, and less during the winter time.
The spectral analysis of SST anomalies daily time series (Fig. 10) shows a main anomaly with a Fourier period of ∼450 days, which is consistent with the heatwave affecting Europe and the Mediterranean area during the summer 2003. Although it cuts off the boundary of the COI, this wave has a level of significance greater than 95%. Another weak signal, related to a negative anomaly, is detected at the beginning of the time series, but it was not considered since it is entirely out of the COI and has a low significance level.
It is interesting to observe that the main wavelet signal was not limited to summer 2003. With a 95% significance level (thick black line) it extended from the middle of 2002 to the beginning of 2004, covering more than a 1.5 year interval. Furthermore, by considering only the highest magnitude of the spectrum, the main wavelet signal was reached between December 2002 and August 2003, including also the strong heat loss in winter 2003 (see also the wind stress and the upward heat fluxes spectra) and the heatwave of summer 2003. The presence of statistically significant signals at high frequencies during the entire series, although they register very low power spectra, was due to the related high frequency variability of wind stress and to very high autocorrelation (lag-1 autocorrelation >0.95) of the SST time series. Despite the weakly underestimated SST in the period of the heatwave, the spectral analysis of SST monthly time series of the anomalies (Fig. 11) obtained from satellite measurements, reveals a wavelet spectrum almost equal, in the The combined effect of the sea surface warming and the low wind intensity over the upper layers is shown in Fig. 13 , referring to the measurements collected along the T2 transect. The temperature measurements along this section show a water column characterized by a strong vertical stratification, with SST values ranging from 26 • C (offshore) to 22 • C (closer to the south coast of Sicily). The upper layer is characterized by a thin mixed layer, between the surface and ∼15 m, with the thickness decreasing towards the coast. A pronounced thermocline is located at ∼25 m depth, reaching the surface near the southern coast of Sicily, at about 50 km offshore. The related simulated temperature section (Fig. 13, right panel) , shows the same temperature range with the isotherms sloped towards the surface, that would indicate the presence of coastal upwelling, induced by the northwesterly wind and by the inertia of the isopycnals dome of the AIS meanders. Due to the advection scheme, SCRM tends to underestimate the mixed layer thickness, with highest temperature differences in the thermocline layer, where the model is warmer in respect to the observations. (Fig. 15, left  panel) . This effect only dissipated in autumn, with an onset of cold and strong winds. The decrease of superficial density, observed over the whole domain, mainly affected its western part, determining a decrease of the usual west-east density gradient, having large implications on eastward flow of MAW through the Sicily Channel. In fact, as discussed by Molcard et al. (2002) , the increase/decrease of the west-east density gradient play a key role in modulating the intensity of the AIS flow. Particularly this study shows that the AIS flow is enhanced when this gradient increases, to the detriment of the ATC, and vice-versa.
The simulated velocity fields over the AIS area (Fig. 16) show the AIS reduced in intensity, because of the previously seen reduction of density gradient and decrease of westerly winds. Together they are responsible for the generation and modulation of the velocity field. Current velocities of the AIS simulated by the SCRM in JJA 2003 are of the order of ∼0.2-0.3 ms −1 (compared to ∼0.3-0.4 ms −1 of 2002) over the Adventure Bank, with modifications in the path of the AIS along it. Usually the AIS path starts at the Sicily Strait as an energetic and well developed meander, controlled by bathymetry, over the Adventure Bank (Fig. 16, left) characterized by noticeable cool water, clearly visible also by satellite images (Fig. 14, left panel) . In JJA 2003, the AIS appears less winding, weaker and shifted towards the Sicily coast (Fig. 16, right) . The horizontal extension of the Adventure Bank Vortex appears rather limited, with a reduction of the off-shore upwelling extension and mixing, as observed also by the SST images (Fig. 14, right panel) and from the CTD data along the Section T1 (Fig. 17, left) . The salinity minimum (Fig. 17, right) depicts the position of the AIS core, characterized by a density front (not shown) to the left of the current, which extends to ∼37.2 • N. Because the MAW associated to the AIS flow moves south of the density front, the MAW flow tends to be more flattened along the southern Sicily coast. Due to this unusual path of the AIS, modifications of the coastal upwelling south of Sicily are also observed. In fact the offshore spread of the upwelling is controlled by AIS flow and its variability. Generally the upwelling area extends for a considerable distance offshore, about 100 km, especially over the Adventure bank forced by the cyclonic Adventure Bank Vortex and over the Malta shelf, forced by Malta Channel Crest (García-Lafuente et al., 2002) . During JJA 2003 the upwelling area appears reduced and limited to a short coastal belt (Fig. 18) The AIS proceeds south-eastward and loops back to the north of Malta forming the Maltese Channel Anticyclone, south-east of the Maltese Channel Crest (Fig. 16) . In order to maintain the alongshore geostrophic current, the underlying LIW ascends toward the surface (García-Lafuente et al., 2002) . As reported also by Piccioni et al. (1988) , the signature of this mechanism is represented by the constant presence of colder and saltier water masses along the Sicilian coast. During the JJA 2003 the LIW rises up to about 20 m depth, overlapped by the warm upper layer, a feature confirmed also by measurements along the T3 transect (not shown).
As the AIS reaches the sharp shelf break (north-east of Malta), it forms a weak cyclonic vortex (the Ionian Shelf Break vortex) and proceeds directly eastward into the Ionian Sea (Fig. 16) , without turning northward. It flows along the bathymetry before plunging into the Ionian basin. The absence of the northward extension of the AIS (NAIS) at the Ionian Shelf Break (Robinson et al., 1999; Warn-Varnas et al., 1999; Lermusiaux and Robinson, 2001; Beranger et al., 2004) , confirmed its intermittent nature, which seems to be driven by the surface circulation off the eastern coast of Sicily and by the density gradient (Molcard et al., 2002) between Sicily Channel and Ionian waters. The salinity distribution along the Section T4 (Fig. 19) can not confirm the presence of NAIS, due to its limited horizontal extension, but it suggests the core of MAW, slightly fresher (the difference is about 0.05 psu) and deeper in respect to the model, outflowing from the channel at 36 • N and about 20 m depth.
To the contrary of the weakened AIS during the JJA 2003, the SCRM shows the MAW flow associated with the ATC reinforced (Fig. 16, right) , while ATC is generally weak or not observed during the summer months (Robinson et al., 1999; Beranger et al., 2004) . This current moves eastward, close to the African shelf edge, as a coastal current mainly along the 200 m isobath, reaching values of 2.0 ms −1 . The MAW core transported by ATC is identified in the vertical distribution of salinity observed along T2 (left panel of Fig. 20) , by an unusually low values near the Lampedusa Island (∼37 psu at ∼30 m depth, close to the southern boundary of T2). In this region the model depicts features similar to the observed ones, with an almost equal location of AIS and ATC flows (Fig. 20, right panel) . Low salinity values of ATC could be related to the reduced impact of wind stress on the MAW/LIW mixing during the JJA 2003. In fact, although SCRM overestimates the minimum of salinity (37.4 psu at 30 m, compare the two panels of Fig. 20 ) and although the MAW inflow through the Sicily Strait is weaker during the summer time (Manzella, 1994; Sorgente et al., 2003) , the model simulates a larger southward spreading of the minimum of salinity along the ATC in summer 2003 (not shown). The ATC increase, shown in Fig. 16 and supported by the observation of very low salinity values near Lampedusa, may be related to the reduction of the AIS flow, in turn due to the decrease of the west-east density gradient and to the weakened westerly winds. As mentioned above, the mechanism of compensation of ATC/AIS flows, mainly due to variations of the density gradient, was observed also in the study of Molcard et al. (2002) .
The comparison of simulated and measured profiles of salinity suggests the main difference is related to the range of salinity. The variability of the simulated salinity is smaller due to the overestimated minimum in the model. However, the main water masses crossing the area (MAW and LIW) seem to be well reproduced by the model. In order to quantify the observed gap between the two datasets we calculated the Root Mean Squared Error (RMSE) between simulated and measured temperature and salinity for each profile. The RMSE has been computed using the CTD values at depths matching the model sigma levels. The RMSEs of temperature profiles range from 0.2 • C to 2.2 • C with an average of 0.9 • C, while the range for salinity is from 0.1 psu to 0.6 psu, with the average value of 0.2 psu. In order to assess the spatial variability of the salinity RMSE, a map was obtained by horizontally interpolating the depth averaged RMSE values from each CTD station (Fig. 21) . From the salinity RMSE map (the distribution of RMSEs of temperatures is substantially equal) we may immediately see the central profile of T1, collected over the Adventure Bank (SW corner of Sicily), has the lower agreement with the measurements, while the other analysed profiles show quite a good estimation of salinity and temperature. The disagreement of this T1 profile might be related to small differences (between model and observations) in the location of the Adventure Bank Vortex, forcing the AIS to flow more or less close to the coast. It is not trivial to compare measured data with the simulated values because the temporal and spatial coordinates do not necessarily match exactly. The locally highly variable and complex bathymetry of the Sicily Channel can have large variations on depth for a small horizontal displacement. This means that a "point-to-point" comparison, attempted in this section, may be easily affected by error due to inexact matching of data. This mismatching problem negatively affects the "bad profile" of T1, because it is located just at the boundary between the shelf and the continental slope, inside an area of large bathymetric variability. In fact, in this case, the simulated and measured profiles show large differences in depth.
Conclusions
During the summer of 2003 in many parts of Europe, surface air temperatures reached the highest values recorded over the last 150 years. Here we have shown that in the Central Mediterranean region, the summer 2003 temperatures at sea were also the highest during the five year study period.
Wavelet analysis of air temperatures show that, during the study period, air temperatures over the sea were dominated by two low frequency events. These both peaked in the summer of 2003 but had separate periods. A similar analysis of the wind stress shows that the variability was dominated by high frequencies but that there was also a low frequency peak centred in 2003, consistent with the heating anomaly but largely outside of the wavelet COI. This peak was associated with the low wind stress values observed during the summer of 2003 and also with the higher values of wind stress observed during in the winters of 2003 and 2004. These anomalies of the air temperature and winds caused significant changes in the heat fluxes over the study region. We find that at low frequencies the upward flux was determined primarily by the air temperature and partially by the wind stress, while at high frequencies the flux was determined more by the wind stress variability. We also find that the interannual variability of the total heat fluxes was determined primarily by the upward fluxes because of the small changes in the seasonality and periodicity of the downward heat transport (primarily solar radiation). All three components of the upward fluxes (evaporation, longwave radiation and sensible heat) were involved in the anomalies of 2003. However, the latent heat flux had the main effect as it showed the maximum decrease during the period.
The analyses of other atmospheric parameters that might be involved (e.g. the cloud cover and the relative humidity) did not show any peaks connected with the heatwave. As there were no significant anomalies in the relative humidity during the summer of 2003, the increased air temperature means that the absolute humidity must also have increased. The difference between the saturated absolute humidity at the sea surface and the air humidity was therefore reduced, possibly explaining the strong decrease of observed latent heat flux.
The SST anomalies observed in the model in the Sicily Strait seem to be related to both the air temperature and the wind stress intensity. The atmospheric anomalies that Sutton et al. (2004) relates to very large-scale atmospheric forcing like the AMO, are correlated at regional scale with the surface heat upward fluxes, which show their consistency with the low frequency signal of the heatwave. The model SST calculated during the 5-year run agrees well with the AVHRR data but shows a positive bias of +0.4 • C (i.e. the model values are a little warmer than the satellite data). The difference turns out to be greater in correspondence with extreme values, either positive or negative. This should be due to the presence of the relaxation term in the computation of upward fluxes, but the term is needed for a realistic SST estimates, as demonstrated in the second experiment in which we removed the nudging term, consequently obtaining worse results. However, as observed in the comparison between SST wavelet spectra obtained by satellite measurements and by model results, the effects of the 2003 European heatwave on the sea surface are well described and defined in the time-frequency domain. Additionally, the analysis of the spatial distribution of the anomalies show the overheating affected mainly the NW part of our domain, in agreement with satellite observations. In fact the atmospheric anomalies of summer 2003, as described in literature (e.g. Black et al., 2004; Marullo et al., 2003) , persisted mainly in western Europe and the western Mediterranean area.
The same atmospheric forcing responsible for the heat fluxes and SST anomalies are probably also responsible for the modified AIS and ATC flows observed in the same period and for the reduced offshore extension of the upwelling and the stronger stratification found along the southern Sicily coast.
The AIS showed a reduced meandering behaviour and a decreased intensity during the period of the anomaly. In contrast the ATC appeared enhanced, mainly forced by changes in the longitudinal density gradient. The changes in the two currents may be related. Their flow is indeed out of phase: when the AIS starts to decrease (autumn) the ATC increases (Manzella et al., 1988) , and vice-versa, as they transport water masses (MAW) originating as two branches of the same current. So, in order to conserve the mass transport they have to modulate their flow. In fact during the 2003 summer the AIS decreased its intensity mainly due to the diminished horizontal density gradient and to the observed drastic reduction of westerly winds, in turn reducing its meandering and decreasing of the off-shore extension of upwelling, that normally positively feeds back with the AIS. In this scenario of a weaker AIS, the MAW, despite the probable reduction of its total flow crossing the Sicily Channel due to the diminished density gradient (Molcard et al., 2002) , has to find a "new" summer path to cross the Channel: it is transported mainly by the increased ATC in that period. This hypothesis will be an object of further investigations.
The observations of the sub-surface features have been supported by CTD data, which also assessed the good skill of the model to reproduce the sub-surface water masses characteristics, despite one profile which showed large differences of salinity and temperatures from the simulation.
Because of the importance of the AIS and associated coastal upwelling, particularly for the commercially important small-pelagic fisheries (García-Lafuente et al., 2005) , we pan to follow up this work with further studies involving biological data. In this way we hope to obtain a much clearer picture of how changes in the stratification and currents affect the key biological processes of the Central Mediterranean region.
